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Abstract
In many vertebrate societies dominant individuals breed at substantially higher rates 
than subordinates, but whether this hastens ageing remains poorly understood. While 
frequent reproduction may trade off against somatic maintenance, the extraordinary 
fecundity and longevity of some social insect queens highlight that breeders need 
not always suffer more rapid somatic deterioration than their nonbreeding subordi-
nates. Here, we used extensive longitudinal assessments of telomere dynamics to in-
vestigate the impact of dominance status on within- individual age- related changes in 
somatic integrity in a wild social bird, the white- browed sparrow- weaver (Plocepasser 
mahali). Dominant birds, who monopolise reproduction, had neither shorter telom-
eres nor faster telomere attrition rates over the long- term (1– 5 years) than their sub-
ordinates. However, over shorter (half- year) time intervals dominants with shorter 
telomeres showed lower rates of telomere attrition (and evidence suggestive of tel-
omere lengthening), while the same was not true among subordinates. Dominants 
may therefore invest more heavily in telomere length regulation (and/or somatic 
maintenance more broadly); a strategy that could mitigate the long- term costs of re-
productive effort, leaving their long- term telomere dynamics comparable to those of 
subordinates. Consistent with the expectation that reproduction entails short- term 
costs to somatic integrity, telomere attrition rates were most severe for all birds dur-
ing the breeding seasons of wetter years (rainfall is the key driver of reproductive ac-
tivity in this arid- zone species). Our findings suggest that, even in vertebrate societies 
in which dominants monopolise reproduction, dominants may experience long- term 
somatic integrity trajectories indistinguishable from those of their nonreproductive 
subordinates.
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1  |  INTRODUC TION
In many animal societies, socially dominant individuals enjoy higher 
reproductive success than subordinates (Keller & Reeve, 1994), but 
the effects of social dominance on ageing trajectories and lifespan 
remain poorly understood (Cram et al., 2015a, 2018; Creel, 2001; 
Dammann & Burda, 2006; Jemielity et al., 2005; Schmidt et al., 
2014). On the one hand, greater investment by dominants in repro-
duction or the defence of social rank could accelerate age- related 
declines in somatic integrity (the extent to which somatic tissues 
are free from biomolecular errors and damage; Kirkwood, 1977; 
Kirkwood & Holliday, 1979) by elevating rates of biomolecular dam-
age (e.g., yielding oxidative and/or endocrine stress; Blount et al., 
2016; Cram et al., 2015a, 2015b; Creel, 2001; Sanderson et al., 2014; 
Young, 2009) and/or trading- off against investments in somatic 
maintenance (Harshman & Zera, 2007; Kirkwood, 1977). On the 
other hand, dominants in some societies may be free of the socially- 
induced stress that subordinates can experience (Abbott et al., 
2003; Young et al., 2006), and may enjoy differential access to the 
resources needed for somatic maintenance (Barton & Whiten, 1993; 
Murray et al., 2006). Indeed, the extraordinary lifespans of queens in 
some social insects highlight the potential for robust somatic main-
tenance to persist alongside extreme fecundity (Keller & Genoud, 
1997; Jemielity et al., 2005; Seehuus et al., 2006; see also Dammann 
& Burda, 2006; Schmidt et al., 2014 for potential vertebrate paral-
lels). Advances in our understanding of the impact of social domi-
nance on ageing trajectories in social vertebrates require that we 
now investigate the effect of dominance status on within- individual 
age- related changes in somatic integrity, but few such studies have 
been conducted to date (Cram et al., 2018; Fujishiro et al., 2018).
Recent advances in telomere biology offer promise for studies 
of this kind, as evidence suggests that within- individual changes 
in telomere length over time (“telomere dynamics”) may serve as a 
useful biomarker of within- individual changes in somatic integrity 
(Boonekamp et al., 2013; Monaghan & Haussmann, 2006; Young, 
2018). Telomeres are ribonucleoprotein complexes that cap the 
ends of linear chromosomes and, in the absence of telomere main-
tenance mechanisms (such as the addition of telomeric repeats by 
telomerase or alternative lengthening pathways; Cesare & Reddel, 
2010), typically shorten with successive rounds of cellular replica-
tion (Blackburn et al., 2015; Olovnikov, 1973); a process that may be 
hastened by oxidative stress (Reichert & Stier, 2017). Accordingly, 
many species show within- individual declines in mean telomere 
lengths of focal tissues with advancing organismal age, and com-
parative studies suggest that telomere attrition rates may gener-
ally be slower in longer- lived species (Dantzer & Fletcher, 2015; 
Tricola et al., 2018). The long- term patterns of age- related change in 
mean telomere length may shroud more complex patterns over the 
short- term, however, as growing evidence suggests that transient 
within- individual increases in mean telomere length (the causes of 
which are debated; Bateson & Nettle, 2017; Steenstrup et al., 2013; 
Verhulst et al., 2013; see discussion) may also contribute to observed 
dynamics (e.g., Fairlie et al., 2016; Hatakeyama et al., 2016; Hoelzl, 
Smith, et al., 2016; Spurgin et al., 2018; Ujvari & Madsen, 2009). 
Longitudinal telomere length dynamics have the potential to act as 
a useful biomarker of age- related changes in somatic integrity for 
at least two reasons. First, once telomeres become critically short 
they can trigger apoptosis or cellular senescence (Blackburn, 2000; 
Hemann et al., 2001); an irreversible state of cell cycle arrest caus-
ally implicated in late- life declines in both tissue and organismal per-
formance (Baar et al., 2017; Baker et al., 2016). Second, processes 
that accelerate telomere attrition may also accelerate the accumu-
lation of deficits in other somatic structures. For example, oxidative 
damage can accelerate telomere shortening (Reichert & Stier, 2017) 
and may inhibit telomere repair (Ahmed et al., 2008), which could 
thereby leave telomere attrition correlated with the accumulation 
of oxidative damage to other biomolecules. Evidence at the organ-
ismal level also lends strength to the view that telomere dynamics 
provide a useful biomarker of somatic integrity (reviewed in Young, 
2018), including evidence that stressful environments can accelerate 
telomere attrition (Boonekamp et al., 2014; Monaghan, 2014) and 
that higher rates of telomere attrition can predict mortality (Barrett 
et al., 2013; Boonekamp et al., 2014; Salomons et al., 2009; Wood 
& Young, 2019).
The relationship between social rank and within- individual telo-
mere attrition rates has only been investigated to date in meerkat, 
Suricata suricatta, and human, Homo sapiens, societies. Socially dom-
inant meerkats, who breed at higher rates than subordinates, show 
higher telomere attrition rates than subordinates (Cram et al., 2018). 
By contrast, low socioeconomic status among humans is associated 
with higher telomere attrition rates and shorter telomeres (Fujishiro 
et al., 2018; Robertson et al., 2013), and frequently with poorer health 
and shorter lifespan (Vathesatogkit et al., 2014). Similarly, in a cross- 
sectional study of spotted hyenas, Crocuta crocuta, lower ranking in-
dividuals had shorter age- specific telomere lengths, though whether 
this reflects rank- related differences in the telomere dynamics 
of adults is not known (Lewin et al., 2015). There is also relevant 
cross- sectional evidence from two social insects (the black garden 
ant, Lasius niger, and the honeybee, Apis mellifera): while queens live 
much longer than workers in both species, the two castes have sim-
ilar telomere lengths in early life (Jemielity et al., 2007; Korandová 
& Frydrychová, 2016), but whether their telomere lengths diverge 
later in life is unknown. While the effects of social dominance on 
telomere dynamics per se have rarely been investigated, there is 
growing evidence that high reproductive effort is associated with 
higher telomere attrition rates, at least over the short- term (Reichert 
et al., 2014; Sudyka et al., 2014; Young, 2018). Whether the higher 
reproductive rates of dominants relative to subordinates in many 
vertebrate societies result in more rapid telomere attrition over the 
longer- term may, therefore, depend upon the extent to which dom-
inants employ strategies to mitigate against such attrition, or enjoy 
differential access to the resources needed to maintain investment 
in somatic maintenance despite frequent reproduction.
Here we use extensive longitudinal assessments of within- 
individual rates of change in telomere length to investigate the 
impacts of dominance status on telomere dynamics in a wild 
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cooperatively breeding bird, the white browed sparrow- weaver, 
Plocepasser mahali. These birds live in year- round territorial groups 
of 2 to 12 individuals, in which a single dominant male and female 
completely monopolise within- group reproduction and vigorously 
defend their positions against challengers (Lewis, 1982a; Harrison, 
York, Cram, Hares, et al., 2013; Harrison, York, Cram, & Young 2013; 
York et al., 2019). All birds start their lives as subordinates in their 
natal group, only a fraction of whom secure dominance one to six 
years later (Harrison et al., 2014). Dominants may retain their po-
sition for up to 10 years, until their death or expulsion (maximum 
lifespan exceeds 12 years in both sexes). Dominant females can lay 
up to six clutches per breeding season (modal clutch size is two), are 
the sole incubators, and provision nestlings at higher rates than all 
other bird classes (Harrison et al., 2013; Walker, 2016). Subordinates 
cooperatively contribute to feeding nestlings, sentinel behaviour 
and territory defence, but contribute significantly less to these ac-
tivities than dominants of one or both sexes (Lewis, 1982a; Walker, 
2016; Walker et al., 2016; York et al., 2019). Experimental evidence 
suggests that reproduction entails oxidative stress and body condi-
tion costs in this species (Cram et al., 2015b) and dominant females 
experience steeper within- individual declines in antioxidant levels 
over the breeding season than all other classes (Cram et al., 2015a). 
Telomere dynamics may indeed serve as a biomarker of age- related 
changes in somatic integrity in this species, as young sparrow- 
weavers with higher telomere attrition rates are less likely to survive 
to adulthood (Wood & Young, 2019).
We conducted our investigation in two phases. First, we investi-
gated whether dominants and subordinates differed in age- specific 
telomere length (sampling spanned 0.5– 7.4 years of age; 1.6– 7.4 for 
dominants and 0.5– 6.1 for subordinates) and their long- term within- 
individual telomere dynamics (longitudinal sampling spanned 0.4– 
3.6 years of each bird's life; 2– 8 samples per bird), while allowing 
for the possibility of sex differences in these effects. If reproduction 
is a major driver of individual variation in telomere attrition rates, 
dominants would be predicted to show higher telomere attrition 
rates than subordinates, given their greater investment in reproduc-
tive activities. Whether this occurs, however, will depend upon the 
extent to which dominants employ strategies to mitigate such attri-
tion and/or enjoy differential access to resources. Second, we used 
within- individual rates of change in telomere length assessed over 
shorter time windows (breeding seasons [~7 months] and nonbreed-
ing seasons [~5 months]) to investigate the impacts of dominance 
and breeding activity on short- term telomere dynamics. Specifically, 
as breeding activity may entail costs to somatic integrity for all group 
members (e.g., subordinates help to feed offspring), we predicted 
higher rates of telomere attrition during the breeding season than 
the nonbreeding season, particularly in wetter years (as rainfall 
markedly increases reproductive activity [e.g. the likelihood that 
dominant females lay], and groups rear more fledglings in wetter 
breeding seasons; Appendix S3). As dominants invest more in re-
production than subordinates, we also predicted that dominants and 
subordinates may differ most markedly in their telomere attrition 
rates during the breeding season and in wetter years. We allowed for 
the possibility that individuals with longer telomeres show greater 
telomere attrition (whether for mechanistic or strategic reasons; 
Verhulst et al., 2013), and for dominants and subordinates to differ 
in this relationship (conceivably reflecting dominance- related differ-
ences in telomere length regulation).
2  |  METHODS
2.1  |  Study population and field methods
Data were collected from a population of 40 groups of white- browed 
sparrow- weavers in the Kalahari desert at Tswalu Kalahari Reserve, 
South Africa (27°16'S, 22°25'E). All birds were fitted with a unique 
combination of three colour rings and a numbered metal ring under 
SAFRING licence 1444. Nest checks were conducted regularly 
throughout the main breeding season from 2007 onwards (October 
to April inclusive) and nestlings were fitted with a metal ring whilst in 
the nest. Thus, for the majority of “known- age” birds in this study (81 
of 87), age at sampling was calculated as the number of days elapsed 
between the date the bird was first seen as a nestling and the sam-
pling date. The six other “known age” birds were first caught as fledg-
lings (which have a yellow gape), so their age was calculated as the 
days elapsed between their date of first capture (as a fledgling) and 
the sampling date, plus 30 days. Sex was determined by adult beak 
colour (Leitner et al., 2009) and this study focuses solely on adults 
(birds over six months of age). Group composition and dominance 
status were recorded during weekly monitoring of each group: the 
dominant pair routinely displace other group members and produce 
synchronised duet song, the dominant female is the sole incubator 
and the dominant male consistently produces dawn song (Harrison, 
York, Cram, Hares, et al., 2013; York et al., 2016). Birds were con-
sidered group members if they frequently foraged and performed 
territorial displays with that group, and roosted in the same trees.
To allow the assessment of telomere attrition rates over breed-
ing and nonbreeding seasons, adult birds were blood sampled during 
nine “sampling periods” which aligned with either (i) the transition 
from the nonbreeding season to the ensuing breeding season (be-
tween September and November each year from 2011 to 2014 
inclusive), or (ii) the transition from the breeding season to the fol-
lowing nonbreeding season (between March and May each year 
from 2011 to 2015 inclusive). All samples were stored in absolute 
ethanol at room temperature until extraction (see Appendix S1.1 for 
capture and blood sampling methods). The resulting data were used 
to assess both long- term age- specific telomere length and short- 
term telomere attrition.
2.2  |  DNA extraction and measurement of 
telomere length by qPCR
DNA was extracted from whole blood using Gentra PureGene Genomic 
DNA Purification Kits (Qiagen). Quantity, quality, and integrity were 
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assessed and any samples that failed were re- extracted, or discarded if 
further extractions also failed (Appendix S1.1, Figure S1). To quantify 
the mean relative telomere length of whole- blood samples (referred 
to here as “RTL”, but as “telomere length” in the results and discus-
sion) we used quantitative PCR (qPCR) as described in Cawthon (2002) 
with the modifications described below. Control gene (for which we 
used glyceraldehyde- 3- phosphate dehydrogenase; GAPDH) and tel-
omere reactions were carried out on separate 96- well plates on a 
Stratagene Mx3000 instrument. GAPDH primers were specific to P. 
mahali (GAPDH- F 5′- AAACCAGCCAAGTATGATGACAT- 3′; GAPDH- R 
5′- CCATCAGCAGCAGCCTTCA- 3′; Wood, 2017), and telomere prim-
ers were Tel1b (5′- CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTT
TGGGTT- 3′) and Tel2b (5′- GGCTTGCCTTACCCTTACCCTTACCCTTA
CCCTTACCCT- 3′). Each 20 μl reaction contained 5 ng DNA, and 10 μl 
SybrGreen fluorescent dye with low ROX (Agilent Technologies), with 
primers at a concentration of 200 nM. Thermal cycles for telomere re-
actions were 15 min at 95°C, followed by 40 cycles of 95°C for 15 s, 
57°C for 30 s, and 73°C for 30 s. Thermal cycles for GAPDH were 
the same, except the annealing temperature which was 60°C. Baseline 
fluorescence was corrected in LinRegPCR (Ruijter et al., 2009) and RTL 
was calculated following Pfaffl (2001).
Samples were run in triplicate, as was a between- plate cali-
bration sample (pooled from three birds) and a no- template con-
trol, which were included on every plate. A standard curve was 
also created from the between- plate calibration sample and run 
on every plate. Mean standard curve efficiency for GAPDH plates 
was 97.91% (SD = 4.05; range = 90.7%– 109.4%), with a mean R2 of 
1.00 (SD = 0.003, range = 0.988– 1.000). The mean standard curve 
efficiency for Telomere was 98.65% (SD = 6.11, range = 85.80%– 
112.80%), with a mean R2 of 1.00 (SD = 0.003, range = 0.990– 1.000). 
Pairs of samples from which telomere attrition rates were calculated 
were always run together on a plate. To avoid having plates with 
small numbers of birds, samples from multiply- sampled birds were 
sometimes split across plates (26 birds across two plates, nine birds 
across three plates, two birds across four plates).
To estimate intra- and interplate repeatability of technical rep-
licates the intra- class correlation coefficient (ICC) was calculated 
(Verhulst et al., 2015) using the “consistency” icc function in R (irr 
package; Gamer et al., 2019). To assess intraplate repeatability, a 
one- way model and “average” units were specified. The intraplate 
ICC for GAPDH triplicates (after removal of replicates that were 
removed due to poor amplification) was 0.985 (N = 400, 95% con-
fidence interval [CI]: 0.983, 0.988). For Telomere reactions, the in-
traplate ICC was 0.976 (N = 403, 95% CI: 0.972, 0.980). The ICC for 
duplicates (where one reaction did not pass the quality assessment 
described above) for GAPDH was 0.993 (N = 22, 95% CI: 0.984, 
0.997) and for Telomere, it was 0.979 (N = 18, 95% CI: 0.946, 0.982). 
For interplate repeatability a two- way model and “single” units were 
specified. The interplate ICC for RTL was 0.576 (N = 23 samples, 
each run across three plates, 95% CI = 0.339, 0.772). For detailed 
qPCR methods see Appendix S1.2.
Within- individual repeatability of telomere length was calcu-
lated using the R package rptR (Stoffel et al., 2017) and the 95% CI 
was obtained from 1,000 bootstrap iterations. Within- individual re-
peatability is computed by dividing the between- individual variance 
in telomere length by the total variance after accounting for fixed 
effects. The model was fitted with a normal error distribution and 
included the effects present in the best performing model: sex as a 
fixed effect, and qPCR plate, social group, season, cohort (breeding 
season of birth), and Bird ID as random effects. Within- individual 
repeatability of telomere length was 0.279 (95% CI = 0.16, 0.404).
2.3  |  Statistical analyses
Analyses were carried out using an Information- Theoretic (I- T) 
framework in R 3.0.2 (R Core Team, 2013). In each modelling exer-
cise a global linear mixed effects model was constructed including 
all predictor terms of interest (lmer in lme4; Bates et al., 2015). As 
all our predictor variables have the potential for independent addi-
tive effects, the fits of all combinations of the predictor variables 
included in the global model were compared and ranked based on 
AICc using the package mumin (Barton, 2018). Two- way interactions 
and quadratic terms were only included in the global models if such 
relationships were considered plausible a priori, and were accompa-
nied in all relevant models by the corresponding first order terms. 
We retained all models within Δ6 AICc of the top model (referred 
to collectively as the “top model set”), as this allows confidence that 
the most parsimonious model is included in the top model set, but 
removes models with only very weak support (Harrison et al., 2018; 
Richards, 2005). To avoid the retention of overly complex models, 
we removed models from this top model set that were more com-
plex versions of better performing models (Harrison et al., 2018; 
Richards et al., 2011); top model sets prior to implementation of this 
“nesting rule” are presented in Appendix S4. Akaike weights were 
used to assess the relative support for each model. We plotted our 
findings using effect size estimates from the top model. All continu-
ous predictors were centred and scaled, but were back- transformed 
for plotting where necessary. Prior to model comparison, in order to 
ascertain independence of predictors, correlations between all pre-
dictor variables were checked and variance inflation factors (VIF) of 
each global model were checked to assess multicolinearity: all VIFs 
were below 3 (Fox & Weisberg, 2011). Model residuals of global 
models were assessed to confirm compliance with model assump-
tions. Cook's distances were examined to check for points of high 
influence (influence.ME; Nieuwenhuis et al., 2012).
2.4  |  Does dominance status predict telomere 
length and long- term telomere dynamics?
Our data set consisted of 299 RTL measures from 87 longitudinally 
sampled adult birds of known age (2– 8 RTL measures per bird; me-
dian = 3) from 39 social groups. Fifty- four birds were sampled only 
while subordinate, 26 were sampled only while dominant, and seven 
were sampled both while subordinate and while dominant. While 
    |  5WOOD et al.
dominant birds naturally tend to be older than subordinates, there 
was extensive overlap in the ages at sampling of the subordinates 
(0.5– 6.1 years of age) and dominants (1.6– 7.4 years of age) in the 
data set (see Figure 1a), and the VIFs for all predictors in these mod-
els were acceptable (highest VIF =2.69; Fox & Weisberg, 2011). The 
distribution of RTL was heavily right skewed so log RTL was used as 
the response. Log RTL was Z- transformed to facilitate comparison to 
future studies (Verhulst, 2019).
When modelling age- related variation in telomere length, we 
used age- partitioning (van de Pol & Verhulst, 2006) to isolate the 
effects of within- individual changes in age from the potentially 
confounding effects of among- individual variation in age (which 
could arise, for example, from selective disappearance effects; van 
Beirne et al., 2016; de Pol & Verhulst, 2006). Age at sampling was 
partitioned into the mean age of all samples included from that bird 
(henceforth “mean age”), and the age at which the focal sample was 
collected minus the bird's mean age (henceforth “delta age”, which 
thereby captures within- individual variation in age). In addition to 
testing for an effect of dominance status on telomere length, we 
tested whether dominance status affects the rate of change in telo-
mere length with within- individual increases in age, by fitting an in-
teraction between dominance status and delta age. To permit this, 
for the seven birds with RTL measures taken both while subordi-
nate and while dominant, both mean and delta age were calculated 
separately for the samples obtained while subordinate and while 
dominant. We constructed a global model that included dominance, 
sex, mean age and delta age and all two- way interactions between 
these terms as fixed effect predictors. In addition, we included the 
quadratic effects of delta age and mean age, to allow for the possi-
bility of curvilinear age relationships. The following random effects 
were also fitted: bird ID, social group ID (to account for variation in 
RTL due to among- group differences e.g., in territory quality or ge-
netics), qPCR plate, sampling period, and cohort. The “sampling pe-
riod” term captured which of the nine sampling periods (see above) 
the focal sample was collected in. A model of age- related variation 
in telomere length at the population level (i.e., without age partition-
ing) is presented in Appendix S2.1 (Table S1).
2.5  |  Do dominance and rainfall- related 
reproductive activity predict short- term telomere 
dynamics?
To investigate the effects of dominance status and reproductive ac-
tivity (as captured by effects of the breeding season and rainfall; see 
Introduction and Appendix S3) on the telomere dynamics of adults, 
we used samples collected at the start and end of four successive 
breeding seasons (see above) to calculate within- individual changes 
F I G U R E  1  (a) Analysis of variation in standardised relative telomere length (z- transformed log RTL) at the population level revealed no 
evidence that older individuals have shorter mean telomere lengths (see Appendix S2.1 for analysis). (b) Partitioning variation in age in to 
its within- and among- individual components revealed no evidence of a change in telomere length with within- individual changes in age (Δ 
Age; Table 1). The points are adjusted to control for random effects and the fixed effect of sex; open points for subordinates, solid points for 
dominants (partially transparent). Solid line shows the model estimate from the best- supported model for females
Intercept Sex (M) df logLik AICc ΔAICc AW
0.420 – 0.323 8 – 325.137 666.8 0.00 0.904
0.167 7 – 328.436 671.3 4.49 0.096
Notes: The table presents the Δ6 AICc top model set (one line per model) after implementation of 
the model nesting rule (Richards et al., 2011) (for full output see Table S6). All continuous variables 
were scaled and centred. Effect size estimates are given for each term; for sex, the estimate is 
given for males relative to females. Predictors absent from the top model set: Dominance status, 
Δage, Δage:Dominance status, mean age, mean age:Dominance status, Sex:Dominance status, 
Δage: mean age, Δage:Sex, Δage2
TA B L E  1  Predictors of standardised 
relative telomere length (z- transformed 
log RTL) in adult birds, using age 
partitioning to isolate the effects of 
within- individual changes in age (Δ age) 
from those of among- individual variation 
in the mean age at sampling (mean age); 
none of these age terms appeared within 
the top model set
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in RTL over individual breeding seasons (~7 months in duration) 
and the intervening nonbreeding seasons (~5 months in duration). 
Within- individual change in RTL over each season was corrected 
for regression to the mean using Verhulst's D (Verhulst et al., 2013). 
As the length of time elapsed between successive samples varied 
(mean ± SD = 6.6 ± 1.0 months; range 4.1– 8.3 months), we used rate 
of change in RTL per month as our response variable (calculated as 
the corrected within- individual change in RTL divided by the time 
elapsed between samples).
We constructed a global model with dominance status, sex, 
season (breeding or nonbreeding), adult group size and annual rain-
fall as fixed effect predictors. As the effect of dominance status 
could vary with sex, season, rainfall, or group size we also included 
these two- way interactions. Adult group size was calculated as the 
average number of adult group members present during the focal 
breeding or nonbreeding season. Annual rainfall was calculated as 
the total rainfall over the year preceding the date on which the 
second RTL sample used in the focal rate calculation was collected 
(i.e., the sample at the end of the focal interval). As rainfall tends 
to be much higher in the breeding season, we used annual rainfall 
to avoid confounding rainfall and season. We allowed for season- 
dependent effects of annual rainfall (i.e., a season by annual rain-
fall interaction), as breeding seasons may entail greater costs to 
somatic maintenance in wetter years (as groups rear more fledg-
lings in wetter breeding seasons; Appendix S3), while nonbreed-
ing seasons may not. In a number of studies the rate of change in 
RTL over a given period has been found to be higher in individuals 
with initially longer telomeres (Verhulst et al., 2013). We there-
fore included RTL at the start of the focal interval, along with its 
interaction with dominance status (as dominant and subordinate 
birds could differ in their regulation of telomere length). Finally, 
to control for potential effects of variation in body condition, we 
included body mass at the start of focal interval, along with its 
interaction with within- individual change in mass over the focal 
period. We controlled for bird ID, social group ID, qPCR plate and 
sampling year (each “sampling year” being a given breeding season 
and its ensuing nonbreeding season) as random effects.
We initially conducted our analysis including age as a predic-
tor, using a data set containing only samples from known age birds 
(n = 166 rate estimates). However, as age was not present in the 
Δ6 AICc top model set (Appendix S2.2, Table S2) we expanded the 
data set to include adult birds of unknown age, and removed the 
age predictor from the model. This approach increased our sample 
to n = 187 rate estimates (87 from dominants, 100 from subordi-
nates) from a total of 101 birds (45 assessed while dominant and 
63 assessed while subordinate; seven were assessed in both con-
texts). The model comparison outcomes using this larger data set are 
presented in the main paper, and are qualitatively and quantitatively 
similar to those using the restricted “known- age” data set (Table S2). 
The removal of six potential outliers did not qualitatively impact the 
outcomes of the analyses (Table S3).
3  |  RESULTS
3.1  |  Does dominance status predict telomere 
length and long- term telomere dynamics in 
adulthood?
Analysis of the population- level pattern of age- related variation in 
adult telomere length revealed no evidence of an overall decline 
in telomere length with increasing age (Table S1, Figure 1a; see 
Appendix S2.1 for analysis). Following age- partitioning there was 
also no evidence of an effect of within- individual changes in age (Δ 
age) on telomere length, despite longitudinal sampling of individuals 
spanning periods of up to 3.6 years of adult life (Figure 1b; Table 1; 
nor was there evidence of an effect of mean age). There was no 
evidence of an effect of dominance status on either age- specific tel-
omere length (Figure 1; Table 1) or the long- term within- individual 
rate of age- related change in telomere length (i.e., a dominance sta-
tus: Δ age interaction; Table 1). While there was evidence that males 
have shorter telomeres than females, there was no evidence of a 
sex difference in the long- term within- individual rate of age- related 
change in telomere length (i.e., a sex: Δ age interaction; Table 1).
F I G U R E  2  Model predicted estimates 
of the effect of annual rainfall on the 
rate of change in relative telomere length 
(RTL) during the (a) breeding season and 
(b) nonbreeding season. Annual rainfall is 
the total rainfall in the year preceding the 
second of the two sampling events used 
in each ‘rate of change in RTL’ calculation 
(see Section 2). Solid lines show the 
estimates from the top model, plotted 
for dominant birds and the mean value 
of initial RTL. Shaded areas show 95% 
confidence intervals. Points are raw data 
and are partially transparent
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3.2  |  Do dominance status and rainfall- related 
reproductive activity predict the short- term telomere 
dynamics of adults?
Rainfall is a major driver of reproductive activity in this arid- zone 
bird: the probability of a dominant female laying a clutch increases 
with recent rainfall (Table S4, Figure S3), and groups rear more 
fledglings during higher rainfall breeding seasons (Table S5, Figure 
S4). Our analyses of short- term telomere dynamics suggest that 
such rainfall- related reproductive activity during the breeding sea-
son may entail short- term costs to somatic integrity: analysis of 
within- individual rates of change in telomere length over individual 
breeding and nonbreeding seasons revealed strong support for an 
interaction between annual rainfall and whether the focal season 
was a breeding or nonbreeding season (Figure 2; Table 2; present 
in all models in the ΔAICc < 6 top model set). During the breed-
ing season there was evidence of a negative effect of annual rainfall 
on the within- individual rate of change in telomere length (Table 2, 
Figure 2a), while the same was not true for the nonbreeding season 
(Figure 2b). There was also some evidence of an interaction between 
annual rainfall and dominance status, in which the effect of annual 
rainfall on the within- individual rate of change in telomere length 
was slightly more negative among subordinates (Figure 3b) than 
dominants (Figure 3a). However, this interaction was only present in 
the top model (Table 2) and not the second- best- supported model, 
just 1.20 AICc points below.
We found evidence that an interaction between dominance 
status and telomere length at the start of the focal season predicts 
the ensuing telomere dynamics during the season (Figure 4; Table 2; 
present in all models in the ΔAICc < 6 top model set). This interaction 
reflected a pattern in which dominant birds with shorter telomeres 
at the start of the season lost telomere length at a slower rate over 
the course of the season (Figure 4a), while no such relationship was 
apparent among subordinates (Figure 4b). Indeed, the data suggest 
that dominant birds with the shortest telomeres were more likely 
to experience within- individual increases in mean telomere length.
We found no evidence that body mass at the start of the focal 
season, change in body mass over the focal season, social group size, 
or sex, predicted within- individual rate of change in telomere length. 
The removal of six potential outliers (see methods) yielded qualita-
tively and quantitatively similar results to the analyses presented 
here, with one exception: it led to the inclusion of one additional 
term in the top model: a positive effect of the change in body mass 
over the focal season (Table S3, Figure S2), suggesting that birds that 
experienced greater reductions in body mass over the course of a 
focal season may also have lost telomere length at higher rates.
4  |  DISCUSSION
As dominant white- browed sparrow- weavers monopolise reproduc-
tion (Harrison, York, Cram, Hares, et al., 2013), the classical expec-
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and the maintenance of somatic integrity would lead to a predic-
tion that, all other things being equal, dominants should show higher 
telomere attrition rates (a widely recognised biomarker of declines 
in somatic integrity; Young, 2018) than subordinates. Indeed, just 
such a pattern has recently been reported in cooperatively breed-
ing meerkats (Cram et al., 2018). Contrary to expectation, we found 
no evidence of dominance- related differences in either age- specific 
telomere length or within- individual telomere attrition rates over 
the longer- term. However, analyses over shorter time intervals (in-
dividual breeding and nonbreeding seasons) yielded strong evidence 
that dominants with shorter telomeres experienced more- positive 
within- individual changes in telomere length than dominants with 
longer telomeres, while the same was not true among subordi-
nates. This finding highlights the possibility that dominants invest 
more heavily than subordinates in telomere length regulation (and/
or somatic maintenance more broadly), a strategy that might miti-
gate the long- term costs of reproductive effort for dominants and 
explain why their long- term telomere dynamics are comparable to 
those of subordinates (see discussion below). Consistent with the 
expectation that reproduction- related activities entail short- term 
costs to somatic integrity, telomere attrition rates during the breed-
ing season were found to be most severe for all birds during years of 
high rainfall (the key driver of reproductive activity in this species; 
Appendix S3). While net telomere attrition appears more likely dur-
ing the breeding seasons of wetter years, within- individual increases 
in telomere length appear more likely during the breeding seasons 
of drier years (Figure 2a). While there are reasons to interpret evi-
dence of increases in mean telomere length with caution (see below), 
such context- dependent fluctuations in the direction of short- term 
changes in telomere length could explain our unusual finding that 
adults in this species show no evidence of net within- individual tel-
omere shortening over the long term (Figure 1b). Together, our find-
ings suggest that, even in vertebrate societies in which dominants 
monopolise reproduction, dominants may experience long- term 
somatic integrity trajectories indistinguishable from those of their 
nonreproductive subordinates.
It is striking that dominants show age- specific telomere lengths 
and long- term within- individual telomere dynamics indistinguish-
able from those of subordinates, despite monopolising repro-
duction. It seems unlikely that our findings reflect (i) the lack of a 
F I G U R E  3  Model predicted estimates 
of the effect of annual rainfall on the 
rate of change in relative telomere length 
(RTL) for (a) dominant and (b) subordinate 
birds. Solid lines show the estimates from 
the top model, plotted for the breeding 
season and the mean value of initial RTL. 
Shaded areas show 95% confidence 
intervals. Points are raw data and are 
partially transparent
F I G U R E  4  Model predicted estimates 
of the effect of relative telomere length 
(RTL) at the start of the season on the rate 
of change in RTL during that season for 
(a) dominant, and (b) subordinate birds. 
Solid line shows the estimates from the 
top model, plotted for the nonbreeding 
season and for the mean value of 
annual rainfall. Shaded areas show 95% 
confidence intervals. Points are raw data 
and are partially transparent
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short- term cost of reproduction in this species (as rearing offspring 
appears to entail both an oxidative stress and body mass cost; Cram 
et al., 2015a, 2015b), (ii) an insensitivity of telomeres to investment 
in reproduction- related activities (as telomere attrition appears to 
be accelerated during wetter breeding seasons [Figure 2a], when 
groups rear more fledglings [Figure S4]; see below), or (iii) telomere 
attrition being unrelated to somatic integrity (see Boonekamp et al., 
[2013] and Young[, 2018] for reviews; and telomere attrition in young 
sparrow- weavers predicts survival to adulthood more strongly than 
body mass; Wood & Young, 2019). It also seems unlikely that sub-
ordinate sparrow- weavers suffer from chronic endocrine stress 
that might otherwise accelerate telomere attrition (Haussmann & 
Heidinger, 2015; Monaghan, 2014), as the average circulating glu-
cocorticoid stress hormone levels of subordinates are comparable 
to those of dominants (Wingfield et al., 1991). One possible explana-
tion is that, while dominants monopolise reproduction and contrib-
ute more to territorial defence, sentinelling and offspring care than 
subordinates (see Introduction), subordinates may invest more than 
dominants in some other costly activity, leaving the oxidative threats 
to somatic integrity and the resources available for somatic mainte-
nance more comparable between the two classes than one might 
otherwise expect. For example, subordinate sparrow- weavers do 
conduct extra- territorial prospecting forays to facilitate dominance 
acquisition (Lewis, 1982b) and such forays can entail costs (Kingma 
et al., 2016; Young & Monfort, 2009). However, it seems unlikely 
that prospecting behaviour alone can account for our findings, as 
radio- tracking data reveal that such forays are brief and occur at low 
frequencies (Capilla- Lasheras, 2019), and because dominant birds 
evidently conduct extra- territorial forays of their own (as the species 
shows ~15% extra- group paternity; Harrison, York, Cram, Hares, 
et al., 2013; Harrison et al., 2013).
Instead, the comparable long- term telomere dynamics of domi-
nants and subordinates may arise because rank- related differences 
in other aspects of phenotype leave dominants capable of investing 
more heavily than subordinates in telomere length regulation (and/
or somatic maintenance more broadly), despite monopolising re-
production. For example, the superior competitive abilities of dom-
inants may afford them differential access to the resources needed 
for investment in both traits (Barton & Whiten, 1993; Murray et al., 
2006). Indeed, evidence that the short- term telomere attrition rates 
of dominants depend upon their current telomere length, while 
those among subordinates do not (Table 2), suggests that dominants 
may regulate their telomere lengths (and/or somatic maintenance 
more broadly) in a manner that subordinates do not. Dominant 
birds with shorter telomeres appear likely to experience increases 
in mean telomere length, while those with longer telomeres ap-
pear more likely to experience telomere attrition or no change in 
mean telomere length (Figure 4). As shorter telomeres may threaten 
health, performance and survival (Wilbourn et al., 2018; Young, 
2018), investing in the strategic repair of telomeres when short (via 
mechanisms that may also repair other biomolecules; see below) 
could certainly yield fitness benefits. Indeed, all else being equal, 
selection may also favour dominants investing disproportionately 
in somatic maintenance, relative to subordinates, given the higher 
expected future reproductive success of dominants (as few subor-
dinates ever become dominant) and their likely lower mortality risk 
(as established dominants need not run the mortal risks of disper-
sal and fighting to win dominance; Cram et al., 2018; Griesser et al., 
2006). Indeed, such an argument is frequently made to explain the 
extraordinary longevity of some eusocial insect queens relative to 
their workers (Carey, 2001; Keller & Genoud, 1997).
While there are reasons to interpret evidence suggestive of 
within- individual increases in telomere length with caution (dis-
cussed below), such telomere length “regulation” among dominants 
is mechanistically plausible; it could be achieved, for example, via 
the upregulation of telomerase expression in the hematopoietic 
stem cells. Telomerase activity has been detected in bone marrow 
cells (where the haematopoetic stem cells reside) throughout the 
lives of some long- lived birds (Haussmann et al., 2004, 2007). And, 
notably, honeybee queens show higher levels of telomerase activ-
ity than their workers at both larval and adult stages, illustrating 
the potential for rank- related differences in telomerase expression 
(Korandová & Frydrychová, 2016). Moreover, as telomerase expres-
sion can lead to the preferential elongation of short telomeres (Britt- 
Compton et al., 2009), telomerase upregulation among dominants 
could also account for the differential increases in telomere length 
observed here among dominants with shorter telomeres. While telo-
merase activity in adulthood could conceivably undermine the utility 
of telomere dynamics as a biomarker of somatic integrity, this need 
not be the case, as (i) telomerase upregulation could be coupled with 
upregulation of the wider somatic maintenance machinery (Ahmed 
et al., 2008; see also Young, 2018), and (ii) telomerase itself appears 
to have restorative effects independent of its effects on telomeres 
(Cong & Shay, 2008).
Consistent with the expectation that investment in reproduc-
tive activities should entail short- term costs to somatic integrity 
(Kirkwood, 1977), our analyses revealed that telomere attrition 
rates were most severe in all birds during years with higher rain-
fall, and only during the breeding season (Figure 2). This find-
ing suggests that investment in reproduction- related activities 
by both dominants and subordinates (who help to rear offspring) 
may indeed have detrimental effects on telomere dynamics, at 
least over the short- term. Experimental work on this species sug-
gests that cooperative offspring care entails oxidative stress and 
body mass costs (Cram et al., 2015b), providing a plausible can-
didate mechanism for the observed association between rainfall 
and breeding season telomere attrition. Together these findings 
complement a growing body of evidence that reproductive activ-
ity can be associated with higher rates of telomere attrition (e.g., 
Reichert et al., 2014; Sudyka et al., 2014), consistent with the 
general expectation that reproductive investment should trade 
off against lifespan via impacts on somatic integrity (Kirkwood, 
1977). Notably though, our findings do not specifically implicate 
investment in offspring provisioning as a driver of telomere attri-
tion; rainfall- related increases in a range of other reproduction- 
related activities (e.g., dawn song production, extra- territorial 
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prospecting, and territorial defence against intruders) could also 
contribute to the patterns observed. Our analyses also revealed 
limited evidence of an interaction between dominance status and 
annual rainfall, in which the relationship between rainfall and 
telomere attrition (i.e., greater attrition in wetter years) is mar-
ginally steeper among subordinates than dominants (Figure 3); 
a pattern that might again be attributable to dominants invest-
ing differentially in telomere regulation or somatic maintenance 
more broadly (see above). Our findings do not indicate simply 
that a norm of progressive telomere attrition is accelerated 
during higher rainfall breeding seasons, but rather suggest that 
any rain- related acceleration of telomere attrition may occur 
against a backdrop of increases in telomere length during dry pe-
riods (Figure 3; see below), leading to within- individual fluctua-
tions in telomere length over time that do not ultimately manifest 
as steady age- related declines.
Despite extensive longitudinal sampling we found no evidence 
of long- term within- individual age- related declines in telomere 
length. At least two mammalian studies have yielded similar findings 
(Fairlie et al., 2016; Hoelzl, Smith, et al., 2016). It is of course possi-
ble that sparrow- weavers do experience a modest within- individual 
age- related decline in mean blood cell telomere length that our 
analyses failed to detect (e.g., due to telomere length measurement 
error). Modest telomere attrition rates might well be expected in 
this species, as longer- lived species appear to show slower rates of 
telomere attrition (Dantzer & Fletcher, 2015; see also Haussmann 
et al., 2004; Haussmann et al., 2007) and our observations reveal 
that this species can live for >12 years in the wild. Our analyses do, 
however, highlight the possibility of compensatory mechanisms that 
might avert excessive net telomere attrition during adulthood. For 
example, while net attrition appears more likely during the breeding 
seasons of wetter years, within- individual increases in mean telo-
mere length appear more likely during the breeding seasons of drier 
years (Figure 3). These patterns parallel those reported for wild ed-
ible dormice (Glis glis), in which net telomere attrition was observed 
during hibernation periods, coupled with apparent telomere elonga-
tion during the intervening active season (Hoelzl et al., 2016). Such 
context- dependence of the direction of change in mean telomere 
length could readily explain the apparent lack of net telomere attri-
tion over the long- term in our species.
While telomeres in the somatic tissues of vertebrates are gener-
ally thought to decrease in mean length with advancing age, there 
are now many reported cases of apparent within- individual in-
creases in mean telomere length in various life stages (Fairlie et al., 
2016; Hatakeyama et al., 2016; Hoelzl, Smith, et al., 2016; Spurgin 
et al., 2018; Ujvari & Madsen, 2009). While such increases could 
arise via telomere lengthening mechanisms (including telomerase 
expression), they should be interpreted with caution given their 
potential to arise from other mechanisms, including measurement 
error and associated regression to the mean effects (Bateson & 
Nettle, 2017; Steenstrup et al., 2013; Verhulst et al., 2013). Our data 
suggest that, among dominant birds, those with shorter telomeres 
were more likely to experience within- individual increases in mean 
telomere length, even after the implementation of a correction for 
regression to the mean effects (Verhulst et al., 2013). If measure-
ment error alone was the cause of this pattern, we would expect 
the same pattern to be apparent among subordinates, but our anal-
yses strongly suggest that this was not the case. Similarly, within- 
individual increases in telomere length appear to be commonplace 
in drier breeding seasons but rare in wetter ones (Figure 2); a second 
pattern that measurement error cannot readily explain. Where in-
creases in mean telomere length are a biological reality, it is never-
theless conceivable that they reflect the selective drop- out of cell 
lineages with short- telomeres from the cell population under study 
(e.g., during stem- cell turnover; Ogawa, 1993; Suda et al., 2011), 
rather than true increases in telomere length within a given cell 
lineage. Whether stem- cell turnover alone is likely to yield net in-
creases in the mean telomere lengths of daughter cell populations 
is unclear, however, in part because quiescent stem cells themselves 
have also been shown to accrue damage over time (Beerman et al., 
2014; Wang et al., 2014). Further investigation into the proximate 
causes of apparent increases in mean telomere length in this and 
other species (Fairlie et al., 2016; Hatakeyama et al., 2016; Hoelzl, 
Cornils, et al., 2016; Hoelzl, Smith, et al., 2016; Ujvari & Madsen, 
2009), with particular attention to the patterns of telomerase ex-
pression in vivo, could therefore be usefully prioritised.
Together, our findings suggest that, even in a vertebrate society 
in which dominants monopolise reproduction, dominant breeders 
may have long- term somatic integrity trajectories indistinguishable 
from those of their nonreproductive subordinates. Our findings 
echo those of the cross- sectional work to date on eusocial insects 
(Jemielity et al., 2007; Korandová & Frydrychová, 2016), and con-
trast with those of the one other longitudinal study of dominance- 
related differences in telomere dynamics in a wild cooperative 
vertebrate: dominant meerkats of both sexes breed at higher rates 
than subordinates and show higher telomere attrition rates (Cram 
et al., 2018). The contrast with the current findings could reflect ad-
ditional costs that dominants may suffer in societies, such as those 
of meerkats, in which subordinates frequently attempt to breed, 
requiring dominants to invest in active and potentially costly inter-
ference in subordinate reproduction (Bell et al., 2012; Young, 2009). 
For example, dominant female meerkats subject subordinates to 
prolonged aggression and evictions (Young et al., 2006), a tactic that 
may entail significant costs to dominants (Bell et al., 2012, 2014). 
By contrast, we have no evidence that subordinate sparrow- weavers 
produce offspring within their groups, suggesting that selection has 
favoured reproductive restraint among subordinates, reducing the 
need for dominants to invest in their harassment (Cant & Young, 
2013; Harrison, York, Cram, Hares, et al., 2013; Young, 2009). 
Understanding interspecific variation in the dominance- related pat-
terns of somatic deterioration may therefore require attention to 
rank- related differences in investment in reproductive competition 
(already a recognised modulator of sex differences in senescence; 
Beirne et al., 2015) as well as reproduction per se.
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